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Integrin-mediated signalling through the MAP-kinase pathway
Abstract
The mitogen activated protein (MAP) kinase cascade, leading to extracellular-regulated kinase (ERK)
activation, is a key regulator of cell growth and proliferation. The effects of ERK are mediated by differences in
ERK signalling dynamics, including magnitude and duration. In vivo, ERK signalling is stimulated by both
growth factors and adhesion signals. A model for adhesionmediated ERK activation is presented. Outputs of
the model such as ERK and FAK activation, as well as responses to different ligand densities, are compared
with published experimental data. The model then serves as a basis for understanding how adhesion may
contribute to ERK signalling through changes in the dynamics of focal adhesion kinase activation. The main
parameters influencing ERK are determined through screening analyses and parameter variation. With these
parameters, key points in the pathway that give rise to changes in downstream signalling dynamics are
identified. In particular, oncogenic Raf and Ras promote cell growth by increasing the magnitude and
duration, respectively, of ERK activity.
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Integrin-mediated signalling through the MAP-kinase
pathway
K.L. Yee, V.M. Weaver and D.A. Hammer
Abstract: The mitogen activated protein (MAP) kinase cascade, leading to extracellular-regulated
kinase (ERK) activation, is a key regulator of cell growth and proliferation. The effects of ERK are
mediated by differences in ERK signalling dynamics, including magnitude and duration. In vivo,
ERK signalling is stimulated by both growth factors and adhesion signals. A model for adhesion-
mediated ERK activation is presented. Outputs of the model such as ERK and FAK activation, as
well as responses to different ligand densities, are compared with published experimental data. The
model then serves as a basis for understanding how adhesion may contribute to ERK signalling
through changes in the dynamics of focal adhesion kinase activation. The main parameters influen-
cing ERK are determined through screening analyses and parameter variation. With these par-
ameters, key points in the pathway that give rise to changes in downstream signalling dynamics
are identified. In particular, oncogenic Raf and Ras promote cell growth by increasing the magni-
tude and duration, respectively, of ERK activity.
1 Introduction
The MAP kinase cascade is an important signalling pathway
associated with tumorigenic behaviour. In cancerous cells,
the pathways that regulate proliferation are disrupted so
that cells experience unchecked growth. A major factor in
proliferation is the increased activity of the MAPK
cascade, which can be caused by increased external
stimuli or mutations along the pathway that promote
pathway activation [1]. The MAPK involved in growth
regulation is extracellular-regulated kinase (ERK). Upon
double phosphorylation by mitogen activated protein
kinase (MEK), double phosphorylated extracellular-regu-
lated kinase (ERKPP) translocates to the nucleus and
induces gene transcription by phosphorylation of transcrip-
tion factors [2]. One of ERK’s targets is fos, a member of
the AP-1 transcription factor heterodimer [3]. AP-1 family
transcription factors induce the transcription of cyclin D1,
which promotes cell-cycle entry [4, 5]. Modelling this
pathway to gain an understanding of how specific elements
give rise to different ERK signalling dynamics is an import-
ant step towards regulating signal transduction, and
ultimately cell behaviour, in vivo.
The signalling pathway that culminates in ERK acti-
vation is initiated by extracellular stimuli such as adhesion
to the extracellular matrix or growth factors. Cell adhesion
activates ERK by binding of a5b1 integrins at the cell
surface to extracellular matrix proteins such as fibronectin
[6, 7]. Integrins activate ERK via a pathway involving
Shc, Grb2, Sos, the GTPase Ras and focal adhesion
kinase (FAK) [5, 6, 8]. Epidermal growth factor (EGF)
binding to its receptor is also known to activate ERK
through the same Shc–Grb2–Sos–Ras pathway as integ-
rins [9–11]. Although integrins may activate ERK in the
absence of growth factors, cells in vivo are exposed to
both adhesion signals and growth factor signals. In addition,
there is a cross-talk between growth factors and
integrin-activated pathways to ERK activation at different
levels of the pathway [12–14]. This cross-talk likely
gives rise to distinctive ERK activation signals that can
regulate different behaviours [12]. For example, ERK
activity stimulated by growth factors and adhesion indepen-
dently is transient, whereas ERK activity in adherent,
growth factor stimulated cells is sustained. Moreover, the
cell-cycle protein cyclin D1 is only induced by sustained
ERK signals [5, 15].
The MAPK cascade and activation by EGF have been
previously explored with deterministic, computational
models. A basic model of the Shc–Grb2–Sos–Ras
pathway activated by EGF was described by Kholodenko
et al. [16]. A more comprehensive model of ERK activation
in response to EGF stimulation has also been examined
[17]. In that model, EGF receptor–ligand binding and
dimerisation initiate the traditional Shc–Grb2–Sos–Ras
pathway that leads to the MAPK cascade. More recently,
Chapman and Asthagiri [18] undertook an exploration of
MAPK cascade dynamics. Their work demonstrated that
adjusting rate constants and protein or phosphatase concen-
trations controls ERK activation dynamics. Similarly,
Hornberg et al. [19] applied control analysis to the model
developed by Schoeberl, identifying specific proteins that
are important in EGF-mediated ERK signalling.
As a first step towards developing a model of ERK acti-
vation by both EGF and integrins, a computational model
for integrin activation of ERK is presented in this paper.
In this model, the ERK signalling pathway is initiated by
a5b1 integrin binding to its extracellular ligand fibronectin.
The model successfully simulates experimental FAK and
ERK activation time courses. Semi-quantitative data on
FAK and ERK activation after adhesion [20] are used to
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verify the results of the model. After comparing simulated
signals with experimental results, the pathways were
explored to gain insight into specific characteristics that
contribute to ERK activation dynamics. To systematically
explore the set of parameters used in the model, a screening
method developed by Morris [21] was used to identify the
key parameters that affect different characteristics of the
output signal, such as overall dynamics, the maximum
value and time to reach the maximum.
2 Methodology
2.1 Biological considerations
The signalling events culminating in ERK activation are
modelled as a set of differential equations. The protein–
protein interactions included in the pathway were chosen
based on published pathways and experimental data and
are illustrated in Fig. 1a. The full pathway and a list of reac-
tions and rate constants are provided in the Supplementary
Materials.
The integrin/FAK activation portion of the model deals
with receptor–ligand binding as a cell spreads on fibronectin.
The cell–surface contact area begins at zero and increases
according to an experimentally determined profile [22] (see
Supplementary Materials). The increase in contact area regu-
lates the transport of receptors and ligands into the contact
area where binding occurs. Integrin–fibronectin binding is
modelled according to the Bell model for receptor–ligand
binding [23]. Because integrin clustering is a complex
process involving the many cytoskeletal proteins and the
transduction for force, clustering is modelled as dimerisation
of receptor–ligand pairs (see Supplementary Materials). We
assume that only dimerised receptor–ligand pairs are able to
recruit FAK, which becomes autophosphorylated at tyrosine
397 (FAKP) [24].
Src activation occurs after cell adhesion, although it is
unclear how adhesion signals regulate the Src activation
machinery [25]. Activation begins with the dephosphoryla-
tion of cytoplasmic Src at tyrosine 527. The protein then
undergoes a conformational change and translocates to the
membrane [26]. To be fully active, Src undergoes an inter-
molecular autophosphorylation at Y416. However, fully
active Src can be re-phosphorylated and dephosphorylated,
thereby cycling it from active to inactive conformations
[27–29]. This module is linked to the rest of the pathway
by the ability of Src to phosphorylate its substrate FAK at
Y925 [30]. Both Src and FAK are capable of phosphorylat-
ing Shc [9, 11, 31]. This interaction leads to the same
sequence of signalling events the activated by the EGF
receptor, ultimately resulting in the activation of the
MAPK cascade [32, 33].
Evidence suggests that integrins may also activate ERK
through a FAK-independent pathway [9]. Such a pathway
likely involves Fyn, a member of the Src kinase family,
and the alpha integrin subunit [34]. Because of limited
experimental data on this pathway, this model focuses on
the FAK-dependent pathways to ERK activation.
2.2 Model parameters
Rate constants and protein concentrations were either found
in literature or estimated based on known constants for
similar reactions. For protein interactions without published
binding constants, Kd, kf, and kr were estimated from avail-
able peptide binding data. For example, binding constants
for Src and FAKP in the Src activation module were esti-
mated with rate constants for Src SH2 domain binding to
the pYEEI peptide, which is similar to the autophosphoryla-
tion site for FAK [35, 36]. Most binding events in this
pathway involve SH2–phosphotyrosine and SH3–PXXP
binding [37, 38].
During integrin activation of FAK, k1 is the rate of dimer-
isation of receptor–ligand pairs, whereas kp and km are the
forward and backward rate constants for FAK binding to
receptor–ligand dimers and subsequent autophosphoryla-
tion. k1 is a phenomenological rate constant assigned a
value of 0.01 s21, which corresponds to maximum levels
of FAK activation. Decreasing k1 will decrease the final
magnitude of FAK activation without significantly chan-
ging the kinetics. Values for kp and km were estimated to
obtain a variety of time scales for FAK autophosphoryla-
tion, which are discussed in Section 3. The Src activation
module also contains the phenomenological rate constant
kt, which represents the rate of Src transport from the cyto-
plasm to the membrane by the cytoskeleton [39]. Because
these steps are not easily modelled, they are lumped into
the transport rate kt; kt is set at 0.1 s
21, at which the rate
of cytoskeletal transport is maximal. Rate constants for
the phosphatase and kinase reactions in Src activation
were obtained from literature [40–42]. Subsequent analyses
of FAK and downstream signalling focus on the relative
effects of different parameter values on kinetics and magni-
tude, so that the conclusions drawn are valid regardless of
the specific phenomenological constants used.
Fig. 1 Protein-Protein Interactions
a Signalling pathways for ERK activation by adhesion
b Ras cycle of GDP/GTP binding
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Initial protein concentrations were obtained from
Schoeberl et al. [17] and were varied over several orders
of magnitude to explore their effects on signal dynamics.
The constant concentrations of phosphatases were also esti-
mated based on these initial values. The initial conditions
specify protein concentrations for FAK, Src, Shc, Grb2,
Sos, MEK and ERK. All other protein species present in
the system at any given time are derived from these proteins
and have an initial concentration of zero.
The resulting set of equations with initial conditions was
solved in MATLAB 6.5 using the ODE15s solver.
3 Results
3.1 Kinetics of FAK and ERK activation
Asthagiri et al. [20] have shown that activation of ERK by
adhesion occurs before maximal FAK activation.
Simulations of ERK and FAK activation showed similar
kinetics (Fig. 2), which was also robust over large ranges
of parameter values (see Section 3.4.2). Over a range of
FAK recruitment rates (kp), the ERK activation peak con-
sistently occurs ahead of full FAK activation. Since FAK
is the only means by which ERK is activated in this
model, early and therefore relatively low levels of FAK
activation are sufficient for stimulating the MAPK
cascade. For FAK to achieve sufficient levels of activation
to stimulate the MAPK cascade at early times, it was
found that the total level of FAK must be higher than that
of downstream effectors such as Sos, the activator of the
MAPK cascade. For example, a peak magnitude of
1.4 nM ERKPP at t ¼ 2800 s requires the amount of total
FAK to be nearly 22 times the amount of Sos. As a result,
it is assumed that the amount of FAK is in excess of other
signalling proteins in the system. Lastly, sustained FAK
activation does not necessarily result in sustained ERK acti-
vation, implying that FAK serves as an initial stimulus for
ERK activation, but the duration of ERK activation is also
regulated by downstream factors that will be discussed.
3.2 FAK and ERK activation in response to ligand
density
Fibronectin density is one of the most readily controllable
experimental parameters in the system and has been
shown to affect both the magnitude and kinetics of ERK
activation [20]. As ligand density increases, the magnitude
of the ERKPP peak also increases, whereas the peak
occurs faster. The effects of ligand density were success-
fully replicated in silico for similar fibronectin densities,
assuming a high receptor density of 7.89  1010 mol-
ecules/cm2 (1.5  106/cell) (Fig. 3a). Not surprisingly,
changes in ligand density had substantial effects on
ERKPP dynamics only when ligand density is non-
saturating (Rt . Lt), thus requiring a high assumed receptor
density. Furthermore, the linear correlation between the
ligand density and initial rates of FAK and ERK activation
observed by Asthagiri et al. [20] was also seen in simu-
lations (Fig. 3b). At saturating ligand densities, the linear
correlation fails.
3.3 Exploration of signalling dynamics
3.3.1 Relationship between FAK and ERK activation:
The effects of ligand density on ERK raise the question of
how the signal is transduced downstream. Since FAK is a
major mediator between adhesion-based signals and down-
stream signals, it is reasonable to examine the effects of
Fig. 2 FAK and ERK activation over a range of kp, assuming
that Kd ¼ km/kp ¼ 1066 is constant
Experimentally observed time courses (Asthagiri) are also plotted
Fig. 3 Effects of ligand density
a ERK activation in response to changes in fibronectin density
b Initial rates of FAK and ERK activation with ligand density
Initial rates were calculated from 470 to 480 s, which falls within the
linear phase of activation
Onset of the linear phase is subject to a time lag due to the clustering
process
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ligand density on FAK activation to understand how such
changes can affect ERK. Because FAK is in excess of
ligand and receptor binding sites, the magnitude of FAKP
is directly proportional to ligand density, whereas the time
required to reach the maximal FAKP is unchanged. As
shown in Fig. 3a, increases in ligand density correspond
to increases in ERKPP magnitude and decreases in the
time to reach the maximum. To determine whether such
effects are specific to changes in the magnitude of FAKP,
we considered the effects of changes in the time to reach
the maximal FAKP by changing the total amount of FAK.
Increased levels of FAK drive the rate of its activation,
resulting in increased kinetics without changing the magni-
tude of FAKP. Fig. 4a shows that equivalent increases in
ligand density and FAK decrease the time of the ERKPP
peak similarly. Fig. 4a also illustrates that ligand density
has a more pronounced effect on ERKPP magnitude than
does FAK. In order to better compare the effects of magni-
tude and kinetics directly, FAK activation dynamics are
expressed as an initial rate of activation (Fig. 4b). If the
effects of FAKP magnitude and kinetics are equivalent,
each initial rate calculated from either ligand density or
total FAK changes should correspond to a unique change
in ERK activation dynamics. However, the curves for
ERKPP dynamics differ depending on ligand density or
total FAK changes, indicating that the effects are parameter-
specific. In fact, ligand density, via changes in the magni-
tude of FAKP, appears to be a stronger regulator of
ERKPP dynamics than total FAK, which changes the kin-
etics of FAKP. Furthermore, the differing curves in
response to ligand density and FAK imply that the initial
rate of FAKP is not the sole determinant of ERKPP
dynamics and that other factors affected by these two par-
ameters are also playing a role. Moreover,
FAK-independent pathways are not likely the source of
these factors because their contributions to ERK activation
are only on the order of 10219 to 10218 M. Regardless of
these factors, the relationship between ERKPP and initial
rate is nonlinear and plateaus as the initial rate in creases.
Thus, the effects of ligand density and FAK will attenuate
as these two factors reach saturation.
3.3.2 Ras and Raf as regulators of ERK activity: To
better understand the behaviour of the system, parameters
that play a key role in regulating the dynamics of the
ERK signal were identified by parameter variations. The
duration of ERK activation is found to be particularly sen-
sitive to the concentrations of Ras and Raf. Testing Raf con-
centrations over an order of magnitude from 10 to 100 nM
produced ERKPP signals with a range of durations
(Fig. 5a). At or above a [Raf] of 100 nM, the ERKPP
signal is a sharp peak at approximately 5 min, which falls
off quickly by 30 min. As [Raf] is decreased, the ERKPP
signal duration increases until a sustained signal is obtained
at 10 nM. Between 20 and 60 nM, very small changes in Raf
concentration can give rise to significant changes in signal
duration. For example, a 25% concentration decrease from
40 to 30 nM results in a signal duration increase of nearly
45%. For high [Raf], the ERKPP signal is very similar to
that obtained by Asthagiri et al. [20]. Similarly, the duration
of the ERKPP signal increases with increasing levels of Ras
(Fig. 5b). Although the changes in ERKPP are not as sensi-
tive to small changes in [Ras], large increases in [Ras] do
yield significant prolongation of ERK activation.
The sensitivity of ERKPP to Raf and Ras originates at the
locus of intersection between the RasGTP/GDP cycle and
the MAPK cascade (Fig. 1b), where RasGTP binds and acti-
vates Raf, forming Raf. The fast drop off in signalling that
forms the peak in ERKPP signals results from the depletion
of RasGTP available for interaction with Raf. When
RasGTP is depleted, no more Raf can be activated
causing the Raf and subsequently ERKPP signals to fall
off, resulting in the formation of a peak. Therefore, as
[Raf] increases, the Raf–RasGTP binding reaction also
becomes faster, thereby increasing the rate at which
RasGTP is depleted. Similarly, Sydor et al. [43] have
shown that the Raf–Ras complex has an extremely short
lifetime, after which Raf is released for downstream signal-
ling. The resulting Ras species, denoted RasGTP, is no
longer capable of activating Raf and will undergo GTP
hydrolysis catalysed by GTpase activating proteins
(GAPs), which are recruited to focal adhesions after integ-
rin–ligand binding [44, 45]. In the case of high [Raf], Ras
accumulates as RasGTP, suggesting that the Raf–
RasGTP reaction is much faster than the action of GAPs
in recycling Ras. Thus, nearly 80% of Ras accumulates in
the GTP form and is not recycled fast enough to the
Fig. 4 Effect of increase in ligand density and FAK on time
a Fold changes in ERK activation dynamics as a function of fold
changes in ligand density and total FAK
All fold changes are normalised to the starting values (53/mm2 and
2  106, respectively)
b Fold changes in ERK activation dynamics as a function of the initial
rate of FAK activation
Initial rates in response to changes in ligand density and total FAK
were calculated based on the dynamics of FAK activation from
t ¼ 470–480 s, where the signal is linear
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RasGTP form to prevent depletion. As [Raf] is reduced, the
rate of RasGTP conversion to RasGTP is more comparable
to the rate of recycling to RasGTP. Depletion of RasGTP is
delayed and an increasingly sustained ERKPP signal is
obtained. An increase in [Ras], conversely, increases the
amount of RasGTP available, prolonging the ERKPP signal.
3.4 Sensitivity analysis
3.4.1 Morris screening: To systematically identify key
parameters involved in ERK signalling, the Morris screen-
ing method [21] was applied to the model. The Morris
method allows for the effects of a particular parameter vari-
ation to be seen in the context of different values for every
other parameter, as opposed to fixing all other parameters.
The result of the model is a measure of the effect each par-
ameter has on the output signal. For the dynamics of ERK
activation, the effect of each parameter on the overall
ERK time course as measured by the norm of the change
in output, time to reach the maximum, the peak magnitude
and three specific time points was calculated. These values
were normalised by the relative change in input values.
However, because parameters were sampled over a log
uniform distribution, the fractional change remains constant
between parameters. Morris runs were performed until at
least the top 20% of parameters converged (n ¼ 160).
The main parameters involved in regulating ERK acti-
vation are rate constants associated with the MAPK
cascade. However, of the factors that could be readily
manipulated experimentally, Ras and Raf fall within the
top 15% of the key parameters for several measures of
ERK dynamics, confirming the effects on ERKPP signal
duration described above (Table 1). Out of 106 parameters,
Ras ranked second in importance for the time of the ERKPP
peak, 16th based on overall time course and 29th based on a
late time point that indicates signal duration. Similarly, Raf
ranks fourth in determining the time of the ERKPP peak and
seventh in early activation. Both Ras and Raf also fall
within the top 20% of the parameters affecting the magni-
tude of ERK activation, ranking 18th and 19th, respectively.
Interestingly, RasGAP ranks first out of all the parameters
for the time of the ERK activation peak, again highlighting
the importance of the RasGDP/GTP cycle in regulating
ERK activation dynamics. Receptor density also falls
within the top 15% of the key parameters affecting the
ERKPP signal. Moreover, integrin density and contact
area, which determine the total amount of fibronectin avail-
able, are ranked seventh and fiveth, respectively, as regula-
tors of the kinetics of ERK activation. FAK is also identified
as a key parameter in ERK activation kinetics, supporting
the idea that initial FAK signalling contributes significantly
to the activation of ERK. Integrin density, and not fibronec-
tin density, was likely identified in the Morris screening
because of the relative values of the two parameters used.
Depending on the values of receptor and ligand density,
the rate-limiting density will be identified as the most
important parameter. As a result, the importance of integrin
density also points to the importance of fibronectin density
in modulating the magnitude and kinetics of ERKPP.
3.4.2 One-at-a-time parameter variation: In order to
gauge the robustness of the model to changes in parameters,
one-at-a-time parameter variations were performed when
holding every other parameter fixed at their assumed
values. Parameters were varied over three orders of magni-
tude above and below their assumed values, and the range
over which the conclusions drawn in Section 3 held qualitat-
ively was determined (Fig. 6). The model is found to be
robust and tolerant of significant changes in many par-
ameters. Parameters 24–64 and 85–105 refer to reactions
involved in Src activation, Shc phosphorylation and recruit-
ment of both Grb2 and Sos. Even many of the MAP kinase
cascade reaction rates, including some that were identified
as the key regulators by Morris screening (ex. 81, 79, 74,
83, 82 and so on), do not limit the qualitative conclusions
drawn from the model.
4 Discussion
This model for the integrin activation of ERK successfully
replicated experimentally observed behaviour for FAK and
ERK activation, as well as changes in ERK activation in
response to fibronectin density. Application of the Morris
method to the model allowed the identification of the key
parameters contributing to ERKPP dynamics. Thus, the
model serves as a tool for understanding and identifying
characteristics of the pathway that contribute to different
ERKPP behaviour. The insights gained by such models
are important steps to ultimately controlling signalling path-
ways in vivo.
Fig. 5 ERK signals with a range of durations
a ERK activation in response to [Raf]
[Ras] is assumed to be 1.072  1025 M
b ERK activation in response to [Ras]
Raf is assumed to be 3.76  1027 M
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The ability of the model to replicate experimentally
measured time courses for FAK and ERK in response to
adhesion on fibronectin is an important foundation for
understanding the adhesion-specific parameters that might
contribute to ERK activation. The appearance of an early
peak for ERKPP is not surprising as long as there is an
excess of FAK, which serves as an early stimulus for
ERKPP. Factors affecting FAKP magnitude, such as fibro-
nectin density, are found to be stronger regulators of
ERKPP dynamics than those affecting only FAKP kinetics.
However, the effects of ligand density are not solely depen-
dent on the initial rate of FAK activation, but are likely
transduced downstream by additional pathways. Although
additional Western blot time courses have been published,
we chose a semi-quantitative time course for the purpose
of comparing to simulated results. Deviations between the
experimental data used here and other available data may
be due to a myriad of differences including cell type and
experimental procedure.
The simplified integrin clustering model used is shown to
be sufficient for predicting the effects of ligand density on
ERK activation. The model based on dimerisation predicts
that increases in ligand density will increase the magnitude
of FAK activation, which has been shown by Garcia and
Boettiger [46]. Changes in the magnitude of FAK activation
are then translated into changes in the kinetics and magni-
tude of ERK activation. Although kp and km may alter the
time at which FAK activation reaches its maximum, the
ultimate magnitude, as specified by ligand density, will
not be affected. Changes in k1 may also affect the magnitude
of FAK activation, but the relative changes that result from
ligand density variations will remain the same. More gener-
ally, the magnitude of FAK activation increases with ligand
density regardless of the assumed value of k1 or kp and km.
As a result, changes in downstream signalling that originate
with ligand density will also remain the same qualitatively.
Future work should include a more detailed model of the
integrin clustering process so that the roles of additional
parameters involved in clustering can be tested.
Raf and Ras were identified as the key regulators of ERK
signalling magnitude and duration, in agreement with the
control analysis performed by Hornberg et al. [19].
Furthermore, the behaviour of proteins involved in
RasGDP/GTP cycling reveals that Raf and Ras may func-
tion as a key checkpoint in the MAPK cascade because of
the relative kinetics of RasGDP/GTP cycling and Ras–
Raf binding, which allow for the formation of transient
and sustained ERKPP signals. However, the main effects
of the Raf oncogene may not be mediated by this particular
characteristic of the signalling pathway, as was suggested
by Hornberg. Increases in [Raf] result in increasing magni-
tudes of ERK activation, but increasingly transient acti-
vation signals. For cell-cycle progression and uncontrolled
growth, one would expect that increasing the levels of onco-
genic Raf would instead lead to sustained signalling. On the
other hand, this model shows that increases in the level of
the oncogene Ras result in more sustained ERK signals,
although larger changes in the Ras concentration are
required. This is consistent with the role of Ras as an onco-
gene that promotes tumorigenic behaviour. Moreover, the
Table 1: Experimentally controllable parameters
identified by Morris screening within the top 85th
percentile of parameters important for ERK activation
ERKPP behaviour Experimentally controllable
parameters within 85th
percentile
overall time course PP3 (2), ERK (3), PP2 (7), MEK (8),
PP1 (9), Raf (12), Rt (15), Ras
(16)
time to max RasGAP (1), Ras (2), MEK (3), Raf
(4), CA (5), PP2 (6), Rt (7), FAK
(11), Grb2 (16)
t1 ¼ 1500 s PP3 (2), ERK (3), PP2 (5), Raf (7),
PP1 (9), Grb2 (11), MEK (14)
t2 ¼ 4000 s PP3 (2), ERK (3), PP2 (5), MEK (8),
Ras (10), Rt (11), PP1 (13)
t3 ¼ 15000 s ERK (2), PP3 (4), MEK(6), PP2 (7),
PP1 (10)
maximum value PP3 (2), ERK (3), PP2 (6), PP1 (8),
Grb2 (10), MEK (11), Rt (12)
Each parameter’s rank out of the total 106 parameters is included
in parentheses. PP1, PP2 and PP3 refer to phosphatases for Raf,
MEK and ERK, respectively. CA denotes contact area
Fig. 6 Parameter ranges over which qualitative results hold
Parameters were varied one at a time over six orders of magnitude
when holding all other fixed
Changes in parameter are expressed as log10 of the fold change
Parameters that correspond to each parameter number along the x-axis
are listed in the Supplementary Materials
Fig. 7 Effects of Raf and Ras concentrations on ERK activity
Concentrations of Ras and Raf are expressed as multiples of the
minimum plotted values (5  1027 and 1  1028 M, respectively)
Magnitude of ERK, expressed as a percentage of the maximal ERK
activation, is also plotted for different values of Raf (B)
Shaded regions represent an initial transient activation followed by
sustained mid-level signalling at 33–66% of maximum (sustained),
sustained high-level signaling at 66–100% of maximum (plateau), a
decrease to less than 33% of maximal signal within 6 h (transient) or
a decrease to less than 33% of maximum between 6 and 12 h
(transition)
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behaviour of the Raf/Ras checkpoint suggests that
mutations in Ras that affect the GDP/GTP cycling, such
as its affinity for GAPs or GTPases, may be a mechanism
for modulating cell behaviour. Therefore the oncogenic
effects of Raf may be mediated mainly by changes in the
magnitude of ERK activation, whereas the effects of Ras
are more likely to involve changes in signal duration.
This is consistent with Roovers and Assoian’s [5] sugges-
tion that cell-cycle progression requires a large transient
ERK activation that will induce p21cip expression in the
early G1 phase followed by a sustained mid-level activation
that promotes cyclin D1 expression and stops the induction
of p21cip by late G1 phase. It has also been shown that
p21cip is induced by high levels of Raf [47, 48]. Our
results would suggest that an ideal combination of Raf
and Ras levels could create cell-growth-promoting ERK
activities. To determine these levels, Raf and Ras concen-
trations were varied and their effects on the magnitude
and duration of ERK activation were observed (Fig. 7).
The concentrations plotted are model-specific, however
the trends hold regardless of the parameter values.
Increasing Ras concentration promotes transition of ERK
activity from transient to sustained behaviour. Here, transi-
ent and sustained behaviour refer to initial ERK activation
that falls to less than a one-third and between one-third
and two-thirds of initial activation, respectively. At low
[Raf], a plateau in ERK activation may form in addition
to transient and sustained behaviour for certain [Ras].
Also, the magnitude of ERK activity is found to be signifi-
cantly decreased with [Raf] so that cell-cycle progression
might be inhibited regardless of the signal duration. When
both Raf and Ras concentrations are high, ERK activation
exhibited a large magnitude initial peak that fell off to sus-
tained mid-level activation. This behaviour is consistent
with cell-cycle progression. This may correspond to cells
in which both Raf and Ras oncogenes are over-expressed
or contain activating mutations. Thus, both Raf and Ras
may act together to promote cell growth. Raf contributes
to the magnitude of the signal, bringing the initial transient
activation of ERK to levels that allow for induction of
p21cip, whereas Ras primarily extends the duration of
ERK, sustaining mid-level activation for long times.
It has been suggested that the peak in ERK activation
arises from negative feedback, which turns off the ERK
activation signal [49–51]. Feedback, either positive or
negative, has not been included in this system. Although
negative feedback may occur, we have shown that the
Raf/Ras checkpoint can also play a role in regulating
signal duration, particularly in controlling the fall-off of
the ERK activation signal. In fact, for certain Raf and Ras
concentrations, the transient activity of ERK decreases
rapidly, but does not approach zero, instead remaining at
some lower level of ERK activation. In such cases, a nega-
tive feedback might be an important mechanism for shutting
down the remaining ERK activity.
Src and Shc represent parallel pathways by which the
MAPK cascade can be activated by FAK. As the model is
run now, the Shc pathway dominates signalling to ERK. It
is possible for Src to be the main contributor to ERK acti-
vation, but that assumption is not explored in detail in this
paper. However, the overall effects seen in this paper
were confirmed in a pathway in which the levels of Shc
are significantly reduced so as to allow the Src pathway to
dominate (data not shown).
Although our model is robust and sufficient for predicting
ERK activation by adhesion, a complete model of ERK acti-
vation should take into account the contributions of both
growth factors and adhesion. Cross-talk between growth
factor and adhesion signalling is vital for producing high-
magnitude, sustained ERK activation. In this paper, a
model for adhesion-based activation is presented. Future
workwill involve the addition of the growth-factor-mediated
pathway. Coupled with the detailed model of clustering
described above, the model not only complements exper-
imental systems in which signalling in adhesive, growth
factor stimulated cells is measured, but also a means for
exploring the cross-talk between growth factors and
receptors.
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